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Titanium dioxide is a very useful photocatalyst for the decomposition and diminution of environmental water and air pollutants.
In such applications, it can be used as slurry or as immobilized coating obtained by diﬀerent deposition methods. The studies
performed in the last years showed that thermal spraying could be employed to elaborate TiO2 coatings with high performance for
thedecompositionoforganiccompounds.Thismanuscriptpresentsacomparativestudyonthemicrostructureandphotocatalytic
performance of titania coatings obtained by diﬀerent thermal spray techniques: atmospheric plasma spraying (APS), suspension
plasma spraying (SPS), and high-velocity oxygen fuel spray process (HVOF). Diﬀerent titania powders and suspensions were used
to study the inﬂuence of the feedstock materials on the coating characteristics. The deposits were mainly characterised by SEM and
X-ray diﬀraction. The photocatalytic performance was evaluated from the removal of nitrogen oxides. The experimental results
showed that a drastic reduction of the pollutant concentration was obtained in presence of coatings elaborated by suspension
plasma spraying. TiO2 coatings resulting from the spraying of agglomerated powder presentd less eﬃciency. That was mainly
explained by the signiﬁcant phase transformation from anatase to rutile that occurred in the enthalpic source during the spray
processes.
Copyright © 2008 Filofteia-Laura Toma et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.
1. INTRODUCTION
Titanium dioxide (TiO2)i sa na t t r a c t i v em a t e r i a lf o rn u m e r -
ous technological processes. It ﬁnds applications as gas sen-
sors, as pigments in foodstuﬀs, paints, cosmetics, or phar-
macology, as a corrosion resistant coating, in heterogeneous
catalysis and photocatalysis, in solar cells for the production
of hydrogen and electric energy, in electronic devices, and
so on. After the initial work by Fujishima and Honda [1]o n
the photolysis of water on TiO2 electrodes, extensive stud-
ies on titania photochemical applications have been carried
outinthelastfewdecades.Asaphotocatalyst,titaniumdiox-
ide can be used in the degradation of air and water pollu-
tants, in medical sterilization, and even in cancer therapy
[2–4]. Among the two TiO2 crystalline phases, anatase and
rutile that can contribute to the photocatalysis, it is gener-
ally assumed that the anatase—the metastable phase, which
by thermal treatment irreversibly turns into rutile—allows
a higher-photocatalytic degradation of the pollutants. How-
ever, some anatase powders containing small quantities of
rutile present a better eﬃciency than those of pure anatase
[5, 6]. For the photocatalytic applications, titanium dioxide
can be used in powder form (slurry) or immobilized in thin
ﬁlm or coating form obtained by diﬀerent deposition tech-
niques(sol-gel,dip-coating,andphysicalorchemicalvapour
deposition, etc.). TiO2 powders have an outstanding photo-
catalytic eﬃciency compared with their coating counterparts
duetotheirhigherspeciﬁcsurfacearea.However,thesepara-
tion of powder from the liquid state used in water treatments
and recycling processes is troublesome, mainly because of
the formation of aggregates. On the other hand, it is con-
sidered that the aforementioned diﬃculties concerning ﬁlms
and coatings can be overcome and their applications can also
be expanded by employing various materials as substrates.2 Journal of Nanomaterials
Thermal spraying is widely used to prepare titania coat-
ings for mechanical and biomedical applications due to their
hardness, wear and corrosion resistance, and biocompatibil-
ity [7–12]. The studies performed in the last years showed
that the thermal spray technique could be employed to ob-
tain TiO2 coatings with an eﬀective photocatalytic perfor-
mance for the decomposition of organic compounds [13–
16].
In thermal spraying, the material feedstock (commonly a
powder with typical particles size distribution ranging from
10 to 100μm) is injected in an enthalpic source (thermal
plasma or ﬂame obtained by ionization-excitation of inert
gases or combustion, resp.). The particles are melted (or par-
tially melted), accelerated by a gas ﬂow, and crushed on the
target substrate where rapid solidiﬁcation and deposit built-
upoccur.Inthelastyears,anewtechnique,calledliquidther-
mal spraying, with liquid materials as feedstock precursors
was developed [17–24]. The liquid precursors can be (i) or-
ganic (ethoxide, butoxide, acetate, etc.) or inorganic (nitrate,
chloride, etc.) solutions, and (ii) aqueous or alcoholic sus-
pensionsofthematerialtobesprayed.Thesuspensionallows
the feeding of particles with diameters ranging from several
nm to 1μm into the plasma plume. To be used as a precursor
in thermal spraying, the slurry (suspension of ﬁne particles
in a solvent) has to contain a high-powder load with a low
viscosity and a high stability. The deposition depends on dif-
ferentparameterssuchasthehydrodynamicpropertiesofthe
liquid which depend on the solid content, droplet diameters,
and thermal and kinetics history of the droplets before im-
pinging on the substrate [25].
In this paper, a comparative study on the microstructure
and photocatalytic performance of the nanostructured TiO2
coatings obtained by diﬀerent thermal spray techniques: at-
mospheric plasma spraying (APS), suspension plasma spray-
ing (SPS), and high-velocity oxygen fuel (HVOF) spray pro-
cess is proposed. The coating microstructure was mainly
characterized by scanning electron microscopy and X-ray
diﬀraction. The photocatalytic behavior of sprayed coatings
was evaluated by a degradation of gaseous nitrogen oxide
pollutants (NO, NOx), major air pollutants that cause seri-
ous problems on the environment and human health.
2. EXPERIMENTAL PROCEDURE
2.1. Materialfeedstock
Three commercial TiO2 powders were used in this study: a
pureanatasenanopowder, with7nmcrystallinesize,namely,
TiO2-ST01 (Ishihra Sangyo, Japan) agglomerated by spray-
drying in order to prepare spherical microsized anatase par-
ticles (with a size distribution ranging from 10 to 50μm);
a 23nm anatase nanopowder TiO2-PC105 (Millennium In-
organic Chemicals, France) and TiO2-P25 powder (Degussa
AG,Germany)generallyconsideredasareferenceinthepho-
tocatalyticapplications,containing80vol.%anatase(25nm)
and 20 vol.% rutile (50nm).
Distilled water and ethylic alcohol were used as solvents
in the preparation of suspensions, in which the powder load
was set to 20–25wt%. No dispersing agent was added in the
composition of the suspensions.
2.2. Thermalspraying
Diﬀerent thermal spray techniques were used to elaborate
nanostructuredcoatings.Moreover,thesprayconditionshad
been adjusted in order to minimize the particle heat input
and to maintain the original anatase phase in the elaborated
coating.
Atmosphericplasmaspraying(APS)wascarriedoutwith
a Sulzer-Metco PTF4 plasma gun (6mm nozzle torch). Ar at
40L·min−1 was used as primary plasma gas; H2 (3L·min−1)
and He (20L·min−1) were added as secondary plasma gases.
The arc intensity was about 400A. Stainless steel substrates
(60×70×2mm 3) previously sand-blasted were set to 80 and
100mm from the exit of the nozzle torch. The powder rate
was 14g·min−1 and carried by Ar at 3L·min−1.
Aspecialdevicewasdesignedfortheinjectionofliquidin
the plasma [26]. The suspensions were introduced by a peri-
staltic pump, at a feed rate of about 20–25mL·min−1, in the
system that ensured the atomization of the liquid and radial
injection of the resulting drops in the plasma jet (Figure 1).
A r g o na taﬂ o wr a t eo f3 – 5L ·min−1 allowed the atomization
of the liquid before entering in the plasma.
High-velocity oxygen ﬂame spraying (HVOF spraying)
was performed with a Sulzer-Metco CDS 100gun (with a 3-
inche nozzle) using natural methane, as fuel gas. The ﬂame
was obtained by the combustion of 100L·min−1 CH4 with
400L·min−1 O2.N 2 at a ﬂow rate of 50L·min−1 was also
added to the gas mixture to decrease the ﬂame temperature.
The powder feed rate was 20g·min−1 and was carried by N2
at a ﬂow rate of 9.5L·min−1. The spray distance was set to
150mm.
2.3. Characterisation
The coatings morphology was examined using a JEOL JSM-
5800LV scanning electron microscopy. X-ray diﬀraction
(X’Pert MPD Philips diﬀractometer) with Cu Kα radiation
was used to assess the anatase to rutile ratio. Scan step was
0.02◦ s−1 with a step time of 0.5 second in the 20–90◦ 2θ
range. The volume percentage of anatase was determined ac-
cording to the relation developed by Berger-Keller et al. [27].
CA = 8IA/(8IA+13IR), where IA and IR are the X-ray intensi-
tiesoftheanatase(101)andrutile(110)peaks,respectively.
The crystallite size was evaluated from the X-ray diﬀraction
based on the Scherrer formula.
The photocatalytic performance of TiO2 was evaluated
by the decrease of nitrogen oxides (NO,NOx) concentra-
tion in a purpose-built test chamber described elsewhere
[28]. A 15-W daylight lamp with a fraction of 30% UVA
and 4% UVB ensured the irradiation of the TiO2.T h eN O
and NOx concentrations were measured continuously using
an AC-30M NOx dual chamber analyzer (environmental SA,
France) and recorded with a data acquisition system.
The photocatalytic tests were performed over the sprayed
coatings and the initial powders. The photocatalytic per-
formances were evaluated as the ratio of the photocatalyticFilofteia-Laura Toma et al. 3
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Figure 1: Suspension plasma spraying setup.
conversion of nitrogen oxides and determined by the follow-
ing relations:
NOconversion (%) =
[NO]initial −[NO]UV
[NO]initial
× 100,
NOxconversion (%) =
[NOx]initial −[NOx]UV
[NOx]initial
×100,
(1)
where NO conversion (%) and NOx conversion (%) were
the photocatalytic removal of NO and NOx concentra-
tions in the presence of the catalyst and UV irradiation;
[NO]initial and [NOx]initial represented the values of the NO
and NOx concentrations without UV irradiation; [NO]UV
and [NOx]UV were the values of the NO and NOx concen-
trations under UV irradiation.
3. RESULTS AND DISCUSSION
3.1. Coatingmicrostructure
3.1.1. Plasmaspraying
The morphology of the sprayed coating was mainly depen-
dent on the thermal spray technique. The deposits obtained
by the plasma spraying of the agglomerated TiO2-ST01
nanopowder were characterized by a bimodal microstruc-
ture (Figure 2): on the one hand, a thin lamellar morphology
commonly observed with sprayed coatings that contained
fully melted particles, and on the other hand, a structure of
densely agglomerated grains that contained partially melted
particles.
WhentheagglomeratedST01nanopowderwasdispersed
in distilled water (25wt% powder loading) and injected in
the plasma jet as a suspension, the microstructure of the
resulting coatings did not present the lamellar structure,
which is a characteristic of the thermal sprayed coatings.
The TiO2-ST01 suspension-sprayed coatings were relatively
porous and constituted of partially melted or unmelted ﬁne
particlesasdepictedinFigure 3.Thediﬀerentmicrostructure
15kV 5μm LERMPS
(a)
15kV 10μm LERMPS
(b)
Figure2:SEM-microstructuresofnanostructuredTiO2-ST01coat-
ing prepared by APS technique: (a) fracture; (b) surface.
of the ST01 coatings elaborated by suspension plasma spray-
ingcomparedwiththeircounterpartsobtainedfromconven-
tional APSwasexplained bythefactthatthethermaltransfer
between the plasma jet and the material was less important
when the suspension was used as feedstock material. In this
case, a part of the plasma energy was used to evaporate the
solvent of the suspension droplets; the ﬂying time of the re-
sulting particles (free of liquid) was not enough to ensure a
complete melting of the particles before impact on substrate.4 Journal of Nanomaterials
15kV 10μm LERMPS
(a)
15kV 10μm LERMPS
(b)
Figure 3: SEM-microstructures of TiO2-ST01 coating prepared by
suspension plasma technique: (a) cross-section; (b) surface.
A nonlamellar microstructure was also observed in the
coatings obtained by the plasma spraying of the suspensions
(20wt% powder loading) of nonagglomerated titania pow-
dersP25andPC105.Thecoatingsformedfromaqueoussus-
pensions exhibited relatively dense structures (see Figure 4).
Moreover,itseemed,athigh-microscopicscale,thatthecoat-
ings were built up by the dense stacking up of ﬁne spherical
nanoparticles [29].
Diﬀerent morphologies were observed in the case of
the deposits elaborated from alcoholic suspensions of the
two titania nonagglomerated powders. TiO2-P25 alcoholic
suspension-sprayed coating contained melted and non-
melted particles as shown in Figure 5(a). The presence of the
melted zones was explained by the fact that the enthalpy of
the evaporation of ethanol was lower (0.8·106 J/kg) than that
of water (2.3·106 J/kg). Moreover, it was claimed that the in-
jection of an alcoholic suspension in the plasma plume was
assumed to increase the jet temperature as well as the gas
speed [25]. In this case, the thermal transfer between the
plasma and the particles was more important so the particles
were easily heated and then melted. Thus, the molten par-
ticles had enough momentum to impinge on the substrate
and spread out in splat forms like usually achieved in ther-
mal spray process.
The coatings produced from an alcoholic suspension of
PC105 particles were porous; diﬀerent microstructural fea-
15kV 10μm LERMPS
(a)
3kV LEI 100nm WD 8mm IPCMS
(b)
5μm
5μm
(c)
Figure 4: SEM-morphology of coatings starting from aqueous sus-
pensions of (a) TiO2-P25; (b) TiO2-P25 at high-microscopic scale;
(c) TiO2-PC105 [29].
tures were distinguished on the cross-section of the coating:
fully melted zones, nonmelted regions, and spherical parti-
cles(Figures5(b),5(c)).Thesefeatureswereexplainedbythe
largedistributionoftheliquiddropletsinjectedintheplasma
as well as the diﬀerent thermal history of the particles in the
enthalpicsourcebeforeimpingingonthesubstrate.Itwasin-
teresting to notice the very diﬀerent microstructures of these
coatings compared to that resulting from the P25 alcoholic
suspension. This structure was probably due to the diﬀer-
ent physical properties of the suspensions such as viscosity
or surface tension.Filofteia-Laura Toma et al. 5
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Figure 5:SEM-morphologyofcoatingsstartingfromalcoholicsus-
pensions of (a) TiO2-P25, cross-section (1: unmelted regions; 2:
meltedzones);(b)TiO2-PC105,cross-section;(c)TiO2-PC105,sur-
face.
3.1.2. HVOFspraying
The TiO2 deposits elaborated by the HVOF spraying of ag-
glomerated TiO2-ST01 nanopowder were porous and char-
a c t e r i z e db yal a y e r e ds t r u c t u r e( Figure 6). The coatings were
mainlybuiltupbythemeltednanoparticlesimpactingonthe
substrate that ﬂatten to form splats which are consecutively
piled on top of the others. Some partially molten particles
embedded in the coating structure were also observed. The
surface analysis showed the presence of ﬁne particles which
conserved the initial features of the agglomerated TiO2-ST01
nanopowder.
15kV 10μm LERMPS
(a)
15kV 10μm LERMPS
(b)
Figure 6: SEM-microstructures of TiO2-ST01 coating prepared by
HVOF technique: (a) cross-section; (b) surface.
3.2. Coatingcrystallinestructure
X-raydiﬀractionwasperformedtoassesstheanatasetorutile
ratio. The analysis showed that the passage of the feedstock
material (as particles or liquid suspension) in the enthalpic
source (plasma or ﬂame) involved the modiﬁcations of the
chemical state of titanium dioxide compared to that of the
initial powders. These structural transformations depended
on the thermal spray method used in the elaboration of TiO2
coatings.
Table 1 resumes the crystalline phases and the crystalline
size of the particles determined in diﬀerent sprayed coatings.
The coating elaborated by the plasma spraying of agglom-
erated ST01 powder contained the rutile structure as a ma-
jor phase; the anatase content was estimated between 10.9
and 12.2 vol.%. Some traces of TiOx or Magn´ eli phases were
also identiﬁed. The crystallite sizes of the anatase increased
from 7nm to 34nm. An important phase transformation
from anatase to rutile was also observed in the coating ob-
tained byHVOFprocess.Incontrast,whentheagglomerated
ST01 powder was injected in the plasma in form of aque-
ous suspension, the content of anatase phase was higher than
96vol.%;furthermore,thecrystallinesizeofanatasewaspre-
served (7.0–7.3nm), practically identical to that of the origi-
nal powder.
The crystalline structure of the coating was relative to the
meltingdegreeoftheparticlesduringspraying.Itisgenerally
accepted that the rutile phase corresponds to the fully melted6 Journal of Nanomaterials
Table 1: Phases and crystallites size in the thermal sprayed coatings.
Ref. TiO2 coating Anatase (vol.%) Anatase crystallites
average size (nm)
Rutile crystallites
average size (nm) Observations (other phases)
ST01-APS 10.9–12.2 19.2–34.8 67.0–78.6 Traces of Magn´ eli phases
(Ti3O5;T i 6O11)
ST01-WSC∗ >96.0 7.0–7.3 0–25.1 —
ST01-HVOF 12.6 80.0 90.0 —
P25-WSC 77.6–81.4 27.1–29.2 51.7–60.5 —
P25-ASC∗∗ 23.0 46.0 120.0 —
PC105-WSC 91.9–95.1 34.9–38.7 140.9–194.9 —
PC105-ASC 36.2 151.1 99.2 —
∗WSC-coating resulted from plasma spraying of aqueous suspension.
∗∗ ASC-coating resulted from plasma spraying of alcoholic suspension.
particles, whereas the anatase structure was mostly presented
in the partially and nonmelted particles [13].
With an aqueous suspension of the agglomerated ST01
nanopowder, the phase transformation was avoided because
a part of the plasma energy was used to vaporize the wa-
ter contained in the liquid droplets. So, the ﬂight time in
the plasma jet was not long enough so that the anatase to
rutile structural transformation occurred before the particle
impact on the substrate.
In the case of suspension spraying of nonagglomer-
ated TiO2 nanopowders, the XRD analysis showed that the
anatase ratio depended on the nature of the solvent (water
or alcohol) used in the suspension preparation. The plasma
spraying of an aqueous slurry led to coatings where the
anatase content and the average crystallite size were almost
the same as those identiﬁed in the raw powders. On the
other hand, the injection of alcoholic suspensions involved
the structural transformation from anatase to rutile (about
23 vol.% for P25-coatings and 36 vol.% for PC105 coatings),
as well as the increase of the crystallite size of the anatase
from 23–25nm to 150nm. In this case, the phase transfor-
mation was attributed to an easier fragmentation of the alco-
holic slurry (due to a lower surface tension of the ethanol),
followed by a rapid vaporization of the ethanol. Thus, the
ﬂight time of the resulting particles had to be long enough to
ensure the partial structural transformation from anatase to
rutile.
3.3. Photocatalyticperformancefor
thedegradationofnitrogenoxides
The photocatalytic properties of the sprayed coatings were
evaluated by the diminution of gaseous nitrogen oxides and
compared with those obtained in the presence of the corre-
sponding powders. 0.4g of each powder was uniformly dis-
tributed over the entire geometric surface of a Petri dish with
54cm2 surface area.
The photocatalytic activities of TiO2 coatings are repre-
sented in Figure 7.D i ﬀerent behaviors in the photocatalytic
performances were noticed depending on the spraying pa-
rameters and nature of the material feedstock.
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Figure 7:Photocatalyticdegradationofnitrogenoxidesinpresence
of coatings elaborated from (a) agglomerated ST01 nanopowder;
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A very low degradation of nitrogen oxide pollutants
(<5%) was obtained in presence of the TiO2 surfaces pro-
d u c e db yA P Sa n dH V O Fs p r a y i n g so fa g g l o m e r a t e dS T 0 1
nanopowder.Otherauthorsreportedgoodphotocatalyticre-
sponses of APS- or HVOF-sprayed TiO2 coatings in the de-
composition of diﬀerent organic compounds such as phe-
nol, acetaldehyde, or methylene blue [13–16]. Moreover, the
photocatalytic properties of sprayed coatings were improved
by the doping of TiO2 with Pt [30], metallic oxides such as
Al2O3,F e 3O4,Z n O ,S n O 2 [31–33], or hydroxyapatite [34].
In our case, the lower-photocatalytic eﬃciency of APS- and
HVOF-sprayed coatings was also correlated with the chem-
istry and reactivity of nitrogen oxides that are more complex
than that of other molecules [35].
When the ST01 powder was injected in aqueous suspen-
sion form, the sprayed coating ensured a substantial removal
of the nitrogen oxides (around 52% for NO and 34% for
NOx), much higher than that of the powder (31% for NO
and18%forNOx).Highratesofdegradationofgaseouspol-
lutantswerealsorecordedinthepresenceofaqueoussuspen-
sion plasma sprayed coatings of nonagglomerated nanopow-
dersP25(around36% forNO and15% forNOx)and PC105
(around 18% for NO and 8% for NOx), comparable with
that measured in the presence of the powders. Meanwhile,
a lower degradation of pollutants (8–10%) was obtained for
the coating resulting from the plasma spraying of alcoholic
suspensions.
The diﬀerent photocatalytic performances were princi-
pally correlated with the crystalline structures of the sprayed
coating. Anatase phase was a key parameter in the photo-
catalytic activity and a higher-anatase ratio with reduced
crystallite size allowed a better degradation of nitrogen ox-
ides. Besides, the titania deposits elaborated by the spray-
ing of aqueous ST01 and P25 suspensions provided a higher
performance than that of the raw powders. In these cases,
the enhanced photocatalytic performance could not be ex-
plained considering only the anatase ratio. It was assumed
thattheremovaloftheimpuritiescomingfromtherawpow-
der elaboration and a cleaning up of the free-water parti-
cles when crossing the plasma could explain such behavior.
Diﬀerent techniques of surface investigations (infrared spec-
troscopy and X-ray photoelectrons spectroscopy) performed
on the surface of P25 aqueous suspension sprayed coating
[29] showed the presence of a higher hydroxylation com-
paredtothatontherawpowdersurface.Thehydroxylgroups
played a beneﬁcial role and enhanced the photocatalytic ac-
tivity of titania as already reported in the literature [36, 37].
4. CONCLUSION
This paper proposed a comparative study on the microstruc-
ture and photocatalytic properties of titanium dioxide coat-
ings obtained by diﬀerent thermal spray methods: atmo-
spheric plasma spraying, suspension plasma spraying, and
high-velocity oxygen fuel process using agglomerated and
nonagglomerated TiO2 nanopowders as feedstock materials.
The coatings elaborated by APS and HVOF techniques were
characterized by the common lamellar microstructure ob-
served in all thermal sprayed deposits. Besides, the use of ag-
glomerated nanoparticles as feedstock materials involved an
important phase transformation from anatase to rutile. The
photocatalytic ability for nitrogen oxides was lower than 5%
and was correlated principally with the reduced anatase con-
tent.
The coatings elaborated by suspension plasma spraying
presented a speciﬁc structure that depended on the nature of
the solvent used in the preparation of the suspensions. The
anatase crystalline structure and the crystallite size were pre-
served in the coatings resulting from an aqueous suspension,
whereas a signiﬁcant phase transformation occurred with al-
coholic suspensions. Furthermore, the aqueous suspension
sprayed coatings presented a remarkable photocatalytic eﬃ-
ciency that in some conditions was higher than that of the
corresponding powder.
It can be concluded that the suspension plasma spraying
is an appropriate technique to elaborate active titania sur-
facesforthephotocatalyticreductionofreactivegaseouspol-
lutants such as nitrogen oxides.
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